Ab-initio calculations based on density functional theory with local spin density approximation are used to study defects-driven magnetism in bulk α-Li3N. Our calculations show that bulk Li3N is a non-magnetic semiconductor. Two types of Li vacancies (Li-I and Li-II) are considered, and Livacancies (either Li-I or Li-II type) can induce magnetism in Li3N with a total magnetic moment of 1.0 µB which arises mainly due to partially occupied N-p-orbitals around the Li vacancies. The defect formation energies dictate that Li-II vacancy, which is in the Li2N plane, is thermodynamically more stable as compared with Li-I vacancy. The electronic structures of Li-vacancies show half-metallic behavior. On the other hand N-vacancy does not induce magnetism and has a larger formation energy than Li-vacancies. N vacancy derived bands at the Fermi energy are mainly contributed by the Li atoms. Carbon is also doped at Li-I and Li-II sites, and it is expected that doping C at Li-I site is thermodynamically more stable as compared with Li-II site. Carbon can induce metallicity with zero magnetic moment when doped at Li-I site, whereas magnetism is observed when Li-II site is occupied by the C impurity atom and C-driven magnetism is spread over the N atoms as well. Carbon can also induce half-metallic magnetism when doped at N site in Li3N, and has a smaller defect formation energy as compared with Li-II site doping. The ferromagnetic (FM) and antiferromagnetic (AFM) coupling between the C atoms is also investigated, and we conclude that FM state is more stable than the AFM state.
I. INTRODUCTION
Progression in the spintronics paradigm, 1-3 exploiting both the charge and the spin degree of freedom of an electron, has grabbed an extended attention. In this context, many diluted magnetic semiconductors (DMS) have been discovered in the past to exhibit room temperature (RT) ferromagnetism when doped with transition metals (TM). [4] [5] [6] However, the controversial origin of magnetism in these materials and the observation of magnetic clusters or secondary phases 7, 8 limit their functioning for practical applications. Intrinsic defects, like vacancies, have been significant for magnetism in semiconductors, [9] [10] [11] having different origins of ferromagnetism owing to different crystal environment and local symmetry. Doping a nonmagnetic semiconductor with nonmagnetic impurity atoms, generally the light elements such as C, N, and Li [12] [13] [14] [15] has been found as an alternative to TM doped semiconductors. In this quest, several light element-doped oxides, nitrides and sulphides have been reported to display intrinsic ferromagnetism, where the p-orbitals of the impurity atoms play a crucial role in deriving magnetism in the host material and can also be expected to form an impurity band in the bandgap including the Fermi energy (E F ) of the otherwise nonmagnetic semiconductor matrix. [16] [17] [18] [19] [20] In addition to induce magnetism, light elements have also been observed to stabilize the intrinsic defects in the host material by lowering their formation energies. 21, 22 Such DMSs have a considerable magnetic moment and their Curie temperature T c is well above the RT, thus demonstrating their viability for spintronics.
Lithium nitride (Li 3 N) can be another possible candidate for DMSs which exists in three polymorphs, the hexagonal α-Li 3 N which is stable at room temperature and pressure and is synthesized from the elements at elevated temperature and ambient conditions, the hexagonal β-Li 3 N which is obtained from the α form and is stable at moderate pressure (4.2 kbar and 300 K) and cubic γ-Li 3 N which transforms from the β phase and remains stable upto 200 GPa. 23, 24 Li 3 N has an exceptionally high Li ion conductivity due to intrinsic defects which results in Li-ion hoping from one Li site (occupied) to another (unoccupied). 25 It is used in hydrogen storage battery technology due to its high theoretical H 2 capacity, 26, 27 and is also a component used in the synthesis of nanophase GaN. 28 In the past Li 3 N also served as a host for ferromagnetism induced by TM like Mn, Fe, Co and Ni. [29] [30] [31] Li vacancies in Li 3 N are also found to be magnetic. 32 Very recently we also observed magnetism in the Li 2 N monolayer without any crystal defects. 33 α-Li 3 N has a unique hexagonal crystal structure with four atoms per unit cell, at ambient conditions and equilibrium pressure [ Fig. 1 ]. The unit cell parameters are a = 3.648Å and c = 3.874Å with the symmetry point group of D 1 6h (space group P 6/mmm). 34 α-Li 3 N has a layered structure, consisting of Li 2 N layers which are widely separated by a pure Li-atoms layers, where Liatoms occupy a site between the N atoms in the adjacent layers. There are two types of Li atoms, denoted as Li-I and Li-II, in Li 3 N. Li-I atoms occupy the 1b Wyckoff positions (x = 0, y = 0, z = 1/2), whereas Li-II atoms occupy the 2c positions (x = 1/3, y = 2/3, z = 0), and the N atoms are at the 1a positions (x = 0, y = 0, z = 0). The Li 2 N layer is formed by Li-II in the ab plane with edge-shared N-Li 6 hexagons and Li-I positions between layers to form continuous Li-I-N-Li-I chains along the c axis. In Li 3 N the N atoms have eight Li atoms as near-est neighbors in which two atoms are at 1.94Å distance along the c axis and six Li atoms at 2.10Å in the ab plane. Due to different coordination number and bond lengths in Li 3 N, it is expected that Li 3 N will have different properties induced by defects at Li-I and Li-II sites. X-ray diffraction and powder neutron diffraction studies also reported 1-2% vacancies in the Li-II position at room temperature, 35 and the concentration of vacancy can go up to 4% at high temperatures. Therefore, it is very important to investigate the electronic structure, thermodynamics, and possible magnetism driven by defects at different lattice sites (Li-I, Li-II, N) in Li 3 N and propose a new DMS system based on light elements (Li, C, N) instead of TM.
II. COMPUTATIONAL METHOD AND MODELS
We performed ab-initio calculations in the framework of density functional theory (DFT) 36,37 using linear combination of atomic orbitals (LCAO) as implemented in the SIESTA code. 38 The local density approximation (LDA)
39 was adopted to deal with the exchangecorrelation functional. A cutoff energy of 200 Ry for the real-space grid was adopted and for the Brillouin zone sampling a 16 × 16 × 8 Monkhorst-Pack (MP) kpoint grid was used for the unit cell and a 6 × 6 × 3 MP k-point grid was used for the 2 × 2 × 2 supercell in the electronic structure calculations. We employed standard norm-conserving pseudopotentials in their fully nonlocal form. For the pseudopotentials, we used a TroullierMartins 40 form for Li (2s 1 2p 0 3d 0 ) and N (2s 2 2p 3 3d 0 ). A double-ζ polarized (DZP) basis set for all atoms are employed. The atomic positions were optimized, using the conjugate-gradient algorithm, until the residual Hellmann-Feynman forces were reduced to less than 0.05 eV/Å. Note that convergence with respect to k-point sampling and cutoff energy was carefully checked. Test calculations were also carried out using generalized gradient approximation (GGA). 41 The LDA/GGA Hamiltonian was solved using the diagonalization method as implemented in the SIESTA code.
We considered different types of defects including the Li and N vacancies and C doping at various atomic sites to investigate magnetism in the bulk Li 3 N using a 2 × 2 × 2 supercell of the primitive cell of Li 3 N. Since the formation energy (E f ) is the cost of inducing defects in a crystal, and the concentration of dopant and vacancies in a crystal depend upon its formation energies, therefore we determined the formation energies for systems with intrinsic defects, i.e., Li or N vacancy as follows,
where µ x is the chemical potential of x (x= Li, N), n represents the number of atoms removed from the system, The formation energy of the C-doped systems is calculated as,
where µ x and µ c are the chemical potentials of x(x = Li, N) and C respectively, n shows the number of atoms removed from the system, m is the number of atoms added to the system, and E d is the total energy of the corresponding C-doped systems. The chemical potential of C is calculated as, µ C = E (C), where E (C) is the total energy per atom of the diamond C. The formation enthalpy ∆H f of bulk Li 3 N is calculated as ∆H f = µ Li3N − 3µ Li − µ N , where µ Li3N is the total energy of bulk α-Li 3 N. The formation energies of all defects were calculated under both Li-rich (N-poor) and N-rich (Li-poor) conditions following our previous approach.
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Note that in the present manuscript we will only present our LSDA data, and GGA data will be presented for comparison wherever it is required. In the above equations, negative formation energy means that the system is thermodynamically more stable as compared with positive formation energy. 
III. RESULTS AND DISCUSSIONS
Using the experimentally determined c/a (1.062), we optimized the lattice constant a of the α-Li 3 N with LSDA and found its value ∼ 3.42Å, whereas previously determined LDA and experimental values are 3.5Å 42 and 3.648Å, 35, 43 respectively. Whereas the GGA calculated value is 3.65Å, which is comparable with the previous GGA data. 44 Using the optimized lattice constants, the calculated ∆H f is -3.10 (-1.69) eV with LSDA (GGA) whereas the experimental and the previous GGA values are -1.73 eV 45 and -1.59 eV, 44 respectively. We repeated the same calculations using the QE code 46 with LSDA and got similar results to SIESTA. Hence, we conclude that LSDA underestimates the structural properties of bulk Li 3 N. However, we didn't find any significant difference in the magnetic properties (which is the core of the subject) either using LSDA or GGA. We also calculated the electronic band structure of bulk Li 3 N, using both the non-spinpolarized (non-magnetic NM) and the spinpolarized (magnetic M) DFT calculations and obtained similar results in both cases. 33 Our calculations predict a direct band-gap (Γ-Γ) ∼ 2.0 eV, whereas its experimental value is 2.2 eV. Both the values are in close agreement. Note that band-gap was calculated as |E c − E v |, where E c (E v ) is the conduction (valence) band minimum (maximum) energy. Bulk Li 3 N possesses an ionic nature with maximum charge concentrated around the N sites and a slight charge distribution observed near the Li sites. 33 The calculated spin-polarized total and atomprojected (P) density of states (DOS),(see Ref.33) , reveal the absence of exchange splitting, which is a sign of nonmagnetic behavior. These results confirm that bulk Li 3 N has a non-magnetic and semiconducting character in its pure form which is consistent with the previous results. 47 Therefore, here we propose that magnetism in bulk Li 3 N can be induced either by generating native defects (i.e., Li or N vacancy) or doping C at Li or N lattice sites. In this regard we analysed different defect-induced systems of Li 3 N by studying their electronic and magnetic properties in detail.
A. Li vacancy
To study defects-driven magnetism, we considered a 2 × 2 × 2 supercell of bulk Li 3 N and calculated its total energies in the NM and M states, and we confirmed that bulk pristine 2 × 2 × 2 supercell is NM. As bulk Li 3 N has two types of Li-atoms, so we also analysed the band structure (see Fig. 2(a) ) and electronic density of states which are shown in Fig. 3(a) . Fig. 2 (a) clearly shows that 2 × 2 × 2 bulk Li 3 N is a semiconductor and the electronic dispersion increases along the G − M direction. Fig. 3(a) further shows that the valence band is mostly dominated by the N-p orbitals whereas the conduction band has Li-s character. The Li-II forms a narrow band as compared with Li-I atom and as Li-I-N bond length is smaller than the Li-II-N bond length, the hybridization of Li-I with N is stronger around 1 eV below the Fermi energy. The different behavior of Li in bulk Li 3 N suggests that defects can have different properties at Li-I and Li-II sites.
To search for possible magnetism induced by defects, we considered two kinds of Li vacancies in a 2 × 2 × 2 supercell of bulk Li 3 N. We, therefore, propose two different systems, i.e., Li-I vacancy (V Li−I ) system and Li-II vacancy (V Li−II ) system (see Fig.1 ). The total energies of both the systems were calculated in the NM and M states, and we found that M state is more stable than the NM state. We, then, used the total energies and electronic structures in the M state for further analysis. We calculated the formation energy of each defect-induced system using Eq. (1) under Li-rich and N-rich conditions, and the values are summarized in Table I . The calculated formation energies for V Li−I and V Li−II systems are 3.38 (0.28) eV and 1.72(-1.38) eV in Li-rich (N-rich) conditions, respectively, thus it easier to generate V Li−II (in Li 2 N plane) than V Li−I under N-rich condition-similar results were also observed in the previous work 44 . Note that GGA values are 2.54 (0.84) eV and 1.07(-0.63) eV in Li-rich (N-rich) conditions for V Li−I and V Li−II systems, respectively. Hence V Li−II is more stable under Nrich condition either using LSDA or GGA, which is also in agreement with the available experimental data.
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The structural relaxation shows that the optimized bond lengths Li I -N and Li II -N in V Li−I system are 1.80Å and 1.97Å, respectively which are comparable with those of pristine Li 3 N which are 1.81Å and 1.97Å respectively. Thus, no significant structural changes are noticed in V Li−I system. On the other side, generating a Li-II vacancy causes the Li II -N optimized bond length to reduce by 0.1Å when compared with that of pristine Li 3 N, while bond lengths remain unaffected along the c-direction.
The spin-polarized calculations (see Fig.2(b,c) ) reveal that in both the systems (V Li−I , V Li−II ) Li vacancies induce magnetic moments of 1.0 µ B , and the magnetic moments are mostly localized around the N atoms near to the Li vacancies. (Fig.2(c) ) has a similar feature to V Li−I except large minority bands at the Fermi energy. To elucidate the atomic origin of Li-vacancy driven magnetism in Li 3 N, we show the calculated spin-polarized total and atomic projected partial density of states in Fig. 3(b,c) . A narrow minority band in the bandgap of Li 3 N, including the Fermi energy (E F ), is evident from the total DOS and PDOS plots of V Li−I system (Fig. 3(b) ), which is contributed mainly by the p-orbitals N atoms nearest to the Li-I vacancy. One can see that the spin-up states are completely occupied, whereas the spin-down states are partially occupied consistent with the band structure. The PDOS shows that the partially unoccupied spin-down states are mainly contributed by the N-p orbitals. Note that the Np orbitals are completely occupied in the pristine Li 3 N. Hence, Li vacancy introduces holes which are mostly localized around the N atoms, and it is expected that these holes will mediate the long-range (ferro)magnetism in Li 3 N. A small spin polarization is also seen in the distant N-p orbitals. No spin split is obvious at the Li sites (Li-I and Li-II). In Fig.3(b) , Li-II (Li-I) are near (far) to V Li−I . The only difference observed for Li-s orbitals, when compared with those of pristine Li 3 N [ Fig. 3(a) ] is that these orbitals are driven close to the E F after inducing the (Li-I) vacancy, thus reducing the bandgap. Hybridization of Li-s and N-p orbitals can be observed at ∼ 2 eV below the Fermi energy level. We also observed a slight different behavior in the PDOS of V Li−II system (Fig. 3(c) ), where one can also see some small spin-polarization at the Li sites (mainly Li-II, which is near to V Li−II ), and the Li-s orbitals are shifted more towards the Fermi energy as compared with V Li−I system (Fig. 3(b) ). One can also see small exchange splitting, which leads to magnetic moment, at N site in V Li−II . To further see the spinpolarization induced by Li vacancy, we show the spin density around the Li-II vacancy, e.g., in Fig.4(a) , where one can clearly see a large spin-polarization around the N atoms near to Li-vacancy. Similar magnetic moments were also observed in the GGA calculations.
B. C doped at Li sites
In the above sections, we have shown that V Li−I and V Li−II can induce magnetism due to holes which reside on N atoms. It would also be interesting to see whether carbon can induce magnetism in Li 3 N when doped either at Li-I or Li-II site. Previous work show that TM (Fe, Co, Ni, Cu) prefer the Li-I site and can induce a large magnetization in Li 3 N. 49, 50 Here we investigate doping of C atom at the two possible Li (Li-I and Li-II) sites in bulk Li 3 N and propose two further systems; C doped at Li-I site (C Li−I ) system and C doped at Li-II site (C Li−II ) system. The calculated formation energies (using Eq. 2) for C Li−I and C Li−II systems are 3.06 (-0.04) eV and 6.53 (3.42) eV under Li-rich (Li-poor) condition, respectively. Therefore, it is expected that doping C at Li-I site( C Li−I ) is thermodynamically more stable under Nrich condition as compared with C Li−II , similar to TM in Li 3 N. 49 Such thermodynamic stability is accompanied by a structural distortion around the C atoms. We also analysed the atomic positions, and the structural analysis of the C Li−I system reveals that the optimized C-N bond length is 1.44Å which is 1.81Å for Li I -N in pristine Li 3 N. Thus replacing Li-I by C atom reduces the bond length by ∼0.40Å. Similarly when the Li II -N and Li II -Li II bond lengths in C Li−I system are compared with those of pristine Li 3 N, we found the mentioned bond lengths are elongated by ∼ 0.1Å and 0.07Å, respectively. Thus significant structural changes are observed for C Li−I system, which is attributed to the smaller atomic size of C as compared with the atomic size of Li.
To search for possible magnetism in C Li−I system, we calculated the band structure using spin-polarized DFT. The spin-polarized electronic band structure (see Fig. 2(d) ) shows no spontaneous magnetism (no exchange splitting) and the calculated magnetic moment is zero. Though C at Li-I site is thermodynamically stable as compared with Li-II, but does not induce any magnetism. Fig. 2(d) clearly shows that doping C at Li-I induces metallicity in Li 3 N. Comparing Fig. 2(d) with Fig. 2(a) , one can see that the Fermi energy lies in the conduction band, and there are three bands that cross the Fermi energy. Our detailed PDOS (see Fig. 3(d) ) analysis show that these bands are mainly contributed by the C and N p-orbitals. One can also see some C-driven Li-s states at the Fermi energy. Previous work indicate that Co or Ni doping at Li-I site can reduce the energy band gap and even change Li 3 N from a semiconductor to a metallic-like conductor, which has the advantage of both electronic and ionic conduction. 49, 50 As Li 3 N shows negligible electronic conduction, ? which restricts its application as anode material in rechargeable lithium batteries. Therefore, C doping at Li-I site changes Li 3 N from a semiconductor to a metallic-like conductor and it can help in the electronic conduction that may have applications in rechargeable lithium batteries. Doping C at Li-I site was expected to induce magnetism in bulk Li 3 N but the result was contrary to our expectation due to structural distortion (and small C-N bond length) which is quenching the spin-magnetic moments of p-orbitals of C atoms. Due to a small C-N bond length, the p orbitals overlap so densely, thus leaving no uncompensated spin which is further confirmed by the total and atom projected DOS of C Li−I system. The absence of magnetism in this case is different from TM doped Li 3 N where TM carries local spin magnetic moment.
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Contrary to C Li−I , doping C at Li-II site results in less structural changes. The calculated C-N bond length is ∼ 2.04Å which was 1.97Å (Li II -N) in pristine Li 3 N before replacing Li-II by C, thus C-N bond length is increased by 0.07Å after doping. Similarly, the bond lengths C-Li II (C Li−II system) and Li II -Li II (pristine Li 3 N) are 1.92Å and 1.97Å, respectively. Whereas no significant changes in bond lengths are noticed along the c-direction. As the relaxed bond length of C-N (2.04Å) in C Li−II is larger than the C-N bond length (1.44Å) in C Li−I and less structural distortion is observed in C Li−II , hence weak hybridization, which will lead to some magnetic moments, is expected. Doping C at Li-II site creates a hole in the N orbital and therefore a net magnetic moment of 1.0 µ B per cell is observed. Detailed analysis of Mulliken orbital populations demonstrates that the local magnetic moment observed for C is ∼ 0.316 µ B , and each three N atoms surrounding the C atom have a local magnetic moment ∼ 0.23µ B . This is interesting to note that the magnetic moment is not mostly localized around the C atoms, but also spreads to its nearest N atoms. The spinpolarized electronic band structure of C Li−II system is also shown in Fig. 2(e) . The spin-up states are completely occupied and has band gap (≥ 1.0 eV) at G-point, on the other hand the spin-down band is partially occupied and has large states at the Fermi energy -a half-metallic band structure. A further insight into the magnetic nature of the C Li−II system is gathered from the total and atom-projected DOS (see Fig. 3(e) ), which displays an impurity-driven band in the band gap of the Li 3 N that includes E F . This impurity band is mainly contributed by the partially occupied minority spin states of C and N p orbital. Hybridization between the N-p and C-p orbitals can be viewed particularly near E F where the majority spin states are completely filled while the minority spin states are partially empty, thus leading to a significant spin-split at the Fermi energy. A small spin polarization at the Li-I site is also visible in the PDOS plot. The hybridization of Li-s orbitals with the p-orbitals of N and C near the Fermi energy and also deep in the valence band is visible. The impurity bands contributed by the C atoms have a high density in the majority spin states near the top of the valence band. C doping has also driven the N-p states closed to the Fermi level, where its minority spin states have been moved higher above the valence band maximum as compared to the C-p minority spin states. Fig.4(b) further illustrates that the spin density is not only localized at the C site, but also spread over the nearest N atoms. The spin density around the N atoms are not spherically distributed but has dumbbell like shape where the density decreases towards the Li atom.
It is important to discuss that C Li−I is more stable and non-magnetic either using LSDA or GGA calculations. The Li-I type atoms connect the Li 2 N layers and the bond length of Li I -N is smaller than the Li II -N. Carbon also has a smaller atomic size as compared with Li atomic size, hence strong C-N bond is expected when C is doped at Li-I site. The Li 3 N structure can be thought as Li 2 -IILi 1 -IN. The Li-I atoms form a free layer and it would be easy to dope Li-I atoms with the impurity atoms. On the other hand, the Li-II atoms form a network in the Li 2 N plane in the Li 3 N structure, and hence it is expected that the N-p x /p y orbitals will overlap with the Li atoms and it can cost more energy to dope impurity atoms at Li-II site. The minority unoccupied spin of N/C-p orbitals are responsible for the larger formation energy. It is also important to compare the magnetism driven by C in Li 3 N with TM doped in Li 3 N. TM doped at Li-I site is thermodynamically stable and has magnetic ground state, 49, 50 in our case doping C at Li-I site is thermodynamically more stable as compared with Li-II site. However, C does not induce magnetism when doped at Li-I site, but it only induces magnetism when doped at Li-II site. The TM carries a local d-electron magnetic moment, so with in the diluted limit magnetism can be expected in TM-doped at either sites (Li-I or Li-II) in Li 3 N.
C. N vacancy
Another possible intrinsic defect in Li 3 N is N-vacancy and in this section we focus on the electronic structure of N-vacancy V N , which is created at the center of Li 2 N plane. The calculated defect formation energy (using Eq. 1) is 2.10 (5.20) eV in Li-rich (N-rich) environment. N vacancies in Li 3 N are possible in Li-rich condition. The defect formation energy of V N is larger than the Li-vacancies, and hence it indicates that the most probable defects in Li 3 N could be the Li vacancies either Li-I or Li-II. The Li I -N and Li II -N bond lengths are found to be ∼ 1.76Å and ∼ 1.92Å, respectively. Similarly the calculated Li II -Li II bond length in V N system is 2.08Å, whereas in pure system it is 1.97Å. When compared with the pure system, the optimized bond lengths Li I -N and Li II -N of V N system are reduced by 0.05Å, while Li II -Li II is increased by 0.11Å after relaxing the structure. Each N in Li 3 N is surrounded by eight Li atoms and removing a single N atom results in the formation of a local Li 8 -type cluster, which is non-magnetic. Therefore, no magnetism is induced through N vacancy in Li 3 N. The spin-polarized electronic band structure (Fig. 2(f) ) reveals no signature of magnetism and zero magnetic moment is observed. Fig. 2(f) shows that the Fermi energy is shifted towards the conduction band as compared with Fig. 2(a) , hence V N behaves as n-type impurity in Li 3 N and large N vacancies can result metallicity in Li 3 N. To further analyse the origin of impurity-driven bands in the band gap, we show the calculated total and atom-projected DOS of the V N in Fig 3(f). Fig 3(f) shows that the impurity band in Fig. 2(f) is mainly contributed by the Li-s electrons, particularly by Li-I . Note that the Li-s and N-p orbitals were completely occupied in the pristine Li 3 N, but the N vacancy delocalises these orbitals and can give metalliclike character in Li 3 N. Absence of the spin split in the DOS emphasizes that creating a N vacancy in the bulkLi 3 N does not induce magnetism. Similar results were also observed in the GGA calculations.
D. C doped at N site
To dig another possible source of magnetism in bulk Li 3 N, we considered doping C at the N site (C N ) and investigated its electronic and magnetic structure. The calculated defect formation energies of C N under N-rich and Li-rich conditions (using Eq. 2) are 5.51 eV and 2.41 eV, respectively, which is less than C Li−II system. Thus C doping at the N site is thermodynamically more favourable as compared with C Li−II . When the relaxed atomic coordinates of this system are analysed, it is noticed that the optimized bond lengths Li II -C and Li IILi II are increased by 0.06Å, and the Li I -C is increased by 0.07Å, when C is doped at the N site in bulk Li 3 N. To further confirm the observed bond length expansion of the C N system, we performed extra calculations and optimized the lattice constant a of 2 × 2 × 2 supercell of the C N system using the total energy calculation method. The calculated optimized lattice constant a of C N system is 3.47Å, and that of pristine system is 3.42Å. The lattice constant of the unit cell of C N system is increased by 0.05Å. Hence, it is to infer that the Li 3 N crystal structure shows expansion after doping C at the N site. Such increase in the bond length is mainly attributed to larger atomic size of C as compared with the atomic size of N. Our spin-polarized calculations show that C induces a large magnetic moment when doped at N site in Li 3 Nthe calculated total magnetic moment with GGA and LSDA is 1.0 µ B , which is arising mainly due to the uncompensated spin in the C-p orbitals. In C N system C is doped at anion site (N), hence it is expected that C will be in C 3− anioin (s 2 p 5 ) state. Detailed analysis of the Mulliken orbital populations reveals that the maximum contribution of ∼ 0.82 µ B is received from the C atom, and some magnetic moment of ∼ 0.09 µ B is induced in the surrounding N atoms. The far N atom also has a local magnetic moment of ∼ 0.02 µ B . The strength of local magnetic moments is found to decrease with increasing distance from the C atom. Nonzero spin-polarization of the Li orbitals was also observed.
Figure 2(g)shows the spin-polarized band structure of C N where large spin-polarization near the Fermi energy is visible. The Fermi level lies on the top of the valence band, similar to Li-II vacancy, and the majority spin states are completely occupied whereas the minority spin states are partially occupied-a half-metallic band structure. Similar to Li-II vacancy system, C mainly polarises the valence band suggesting that C introducing holes in Li 3 N. The total and atom-projected DOS calculations interpret further the magnetic behavior of the C N system (see Fig 3(g) ). An impurity derived peak contributed by the C-p orbitals is observed in the band gap of Li 3 N, which includes E F . The PDOS also shows the hybridization of Li-s, N-p, and C-p orbitals at E F . The Fermi energy region is dominated by the C-p orbitals, having a high density of states. C doping also induces spin polarization in N-p and Li-s orbitals. The majority and minority spin states of C are localized in E F region, below and above the valence band maximum, respectively. C doping also raises the Li-s and N-p orbitals in energy. The magnetism driven by C (s 2 p 5 ) doping at N (s 2 p 6 ) site is due to the hole in the C-p minority spin state, which results in a total magnetic moment of 1.0 µ B . We also analysed the spin-density of C N (see Fig. 4(c) ) and the magnetic moment is mainly localised around the C atom and small polarization at the N site can also be seen. Note that in C Li−II case the spin density was not mainly localised around the C atom, but spread over the N atoms as well.
In the above section, we found that C N is magnetic and has a smaller formation energy than C Li−II . To further qualify C N system experimentally, it is very essential to investigate the magnetic coupling between the C spins, so we doped two C atoms at the N sites in a 2 × 2 × 2 supercell. The total energies were calculated in the ferromagnetic (FM) and antiferromagnetic (AFM) states, to estimate the strength of exchange interaction J which is predicted as, ∆E = E AF M − E F M . Here E AF M (E F M ) is the total energy of the two C-doped C N system per supercell in the AFM (FM) state. We consider two different configurations of the two C-doped C N system, depending on the position of the C atoms, where one of the C atoms (denoted as C 0 in Fig.1(b) ) is fixed at the center while the position of the other C atoms (denoted as C 1 and C 2 in Fig.1(b) ) is altered. The spin polarized calculations confirm that the electronic band structures retain their half-metallic character for both the systems. The magnetic moment, in both cases, is determined to be 2.0 µ B per supercell, i.e.,1.0 µ B per C atom. In one of the systems, we doped the second C (C 1 ) at the center of the adjacent Li 2 N layer, such that both of the C atoms occupy the central positions in the adjacent Li 2 N layers, and the C atoms are connected through Li-I atoms, i.e, it forms a linear chain C-Li-I-C parallel to the c-axis, and C 0 -C 1 distance is 3.63Å. We found that FM state is more stable than AFM state by 0.12 eV/supercell, and the defect formation energy is 5.54 eV per C atom. Using the calculated ∆E, the estimated J within the Heisenberg nearest neighbor model is about 30 meV. 51 In the other model, one of the C is fixed at the center of Li 2 N layer while other C atom (denoted as C 2 ) is positioned in the adjacent Li 2 N layer at a distance (C 0 -C 2 ) of 4.98Å w.r.t the first C 0 atom. In this case ∆E ∼ 0.07 eV/supercell, and the estimated J is about 8.75 meV 51 , whereas the defect formation energy is 5.47 eV per C atom. Therefore, in both cases we always found that FM state is more stable than the AFM, and J decreases with C-C separation. No clustering of C atoms can be expected. Therefore, based on our extensive DFT calculations, ferromagnetism is expected if C is engineered at the N site in Li 3 N.
IV. SUMMARY
To summarize, using ab-initio calculations, we investigated possible defects-driven magnetism in bulk α-Li 3 N. We analysed that Li vacancies (Li-I, Li-II) are significant for establishing magnetic moments (∼ 1.0 µ B ) and half-metallic character in Li 3 N. Li vacancy induces a hole localized in the N-p orbitals which is expected to mediate long range (ferro)magnetism in Li 3 N. The formation energy of Li-II vacancy under N rich condition is least among all kinds of vacancies, and therefore expected to be more probable defect in bulk Li 3 N. N vacancy in Li 3 N is non-magnetic but can be crucial for conduction. Our calculations also revealed that carbon doping at the atomic sites (Li-II, N) can exhibit magnetism (∼ 1.0 µ B ) in Li 3 N, whereas C doping at Li-I site does not favor magnetism due to large structural distortion, but having low formation energy under N rich condition-this defect is significant for electronic conduction in Li 3 N. The calculated formation energies emphasized that C doping at N site is more favorable than at Li-II site. The impurity induced hole in C N system and is expected to mediate ferromagnetism in the host material, and the spin density is found largely localized at the dopant site. We also examined the magnetic coupling between impurity induced spins in C-doped Li 3 N and analysed that it has a ferromagnetic ground state. Our analysis suggests that defect-driven magnetism in Li 3 N can be a possible candidate for DMS at room temperature. Therefore, further experimental work would be required to confirm our theoretical prediction and propose a new DMS system.
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